Acute airway management has challenged clinicians for nearly four millennia. History underscores the discoveries of surgeons and anesthesiologists, whose advances in technology and surgical technique have is growing support for the use of percutaneous tracheostomy as an alternative to surgical intubation of the trachea after failed transoral intubation, the potential for damage to critical neck structures and longer timeto-intubation must be considered. In this perspective, we provide a history of acute airway management, highlighting milestones in the fields of airway surgery and anesthesia. We present a review of current medical and surgical approaches to managing the acute airway, including the risks, benefits and appropriateness of each approach with respect to patient stability, available equipment, clinician training and patient outcomes.
Introduction
The acute airway, whether obstructed, traumatically disrupted, or externally compressed, requires emergent attention. Reports of acute airway management date back to 2000 BC (1) . Despite further understanding of anatomy, physiology and pathogenesis of disease, management of the acute airway remains a challenge. The acute airway may be encountered in the pre-hospital setting, within the emergency ward, intensive care units and operating rooms. Physicians at various stages of clinical development may be called upon to manage the acute airway. Furthermore, advances in technology and anesthesia have armed a larger body of clinicians with the ability to address the acute airway.
The thoracic surgeon in particular has an additional responsibility in the management of the acute airway: prevention. Post-intubation tracheal stenosis and malignant airway lesions remain the most common pathologies of the tracheobronchial tree that may progress to life-threatening airway obstruction, if not properly treated and surveilled (2) . Thoracic surgeons are therefore charged with appropriate and diligent management and follow-up of these patients.
In this perspective, we provide a history of acute airway management and present a review of current non-surgical and surgical approaches. We discuss the pros and cons of various treatments with our own perspectives as thoracic surgeons and trainees and highlight our role in prevention.
Historical perspective
The first descriptions of acute airway management date back to 2000 BC in ancient Hindu and Egyptian texts (1). While many have described various techniques of acute airway management since this time, including Alexander the Great's battle-sword tracheotomy on a soldier with an upper airway obstruction, the first human series was described by 19 th century French internist, Dr. Armand Trousseau (3, 4) . As a clinician during the diphtheria pandemic, he routinely performed open surgical tracheostomy on patients with diphtheria-related upper airway obstruction. During the same era were also the first reports of endotracheal intubation, which were often blindly placed transoral or transnasal tubes in patients undergoing elective surgery. The use of endotracheal intubation, rather than the surgical tracheostomy, is the result of scientific advancements in two areas of medicine: direct laryngoscopy and anesthesia. In 1913, Dr. Chevalier Jackson performed the first tracheal intubation using direct laryngoscopy, visualizing the passage of the tube through the vocal cords (5) . His laryngoscope, notably, inspired subsequent designs by Drs. Robert Miller and Robert Macintosh, both of whom remain known today for their named laryngoscope blades (6) . The first use of anesthesia occurred in Boston at Massachusetts General Hospital in 1846, where dentist Dr. William Morton demonstrated the use of ether (7) . Though a potent anesthetic, ether does not depress the respiratory drive and therefore endotracheal intubation is not required. It was not until the introduction of chemical paralysis in the mid -20 th century that endotracheal intubation became routine (8) . As a result, surgeons and anesthesiologists became armed with an alternative technique to surgical tracheostomy for airway management and today, nearly four millennia since the first report of acute airway management, endotracheal intubation with direct laryngoscopy has become the gold standard for securing the airway. When endotracheal intubation fails, surgical intubation of the trachea via cricothyroidotomy with subsequent conversion to open tracheostomy is the standard of care. Recently, authors have described the use of percutaneous tracheostomy as a means of emergency airway management (9) . While first described by Dr. Pasquale Ciaglia in 1985 as an alternative to elective surgical tracheostomy for patients requiring prolonged endotracheal intubation, it was not until 2004 when percutaneous tracheostomy was employed for emergency airway management after failed endotracheal intubation (10) . Its use in this setting remains controversial, as discussed later in this perspective.
The history of acute airway management highlights landmarks within the fields of airway surgery and anesthesiology. Likewise, innovations in technology have allowed for a greater number of successful intubations, fewer emergency surgical airways, as well as more effective teaching for trainees. All clinicians should be aware of this history when understanding the management of the acute airway.
Assessment of the patient with acute airway compromise
The priorities of the thoracic surgeon in managing a patient with an acutely compromised airway, regardless of the etiology, include maintaining a patent airway, allowing adequate oxygenation and ventilation and minimizing harm during airway placement. If rapid deterioration is unlikely, the etiology and location of airway compromise, as well as concurrent medical problems, may be assessed while closely monitoring the patient.
The most common cause of acute airway compromise is airway obstruction (11) . This may be from central loss of respiratory drive, as in the comatose patient, leading to collapse of soft tissues over the airway, or else primary obstructing or secondary compressing processes of the airway. Primary processes include inflammation, as in anaphylaxis, infectious, as in acute epiglottitis, or foreignbody inhalation (12) . Secondary processes include adjacent neck trauma with airway obstruction from expanding hematoma, compression from head and neck cancers, or rare cases of bilateral recurrent laryngeal nerve injuries leading to bilateral vocal cord paralysis (13) .
The thoracic surgeon should recognize chronic conditions which have the potential to obstruct the airway, including post-intubation tracheal stenosis or malignant obstruction from primary airway malignancies (14) . Unlike more common causes of acute airway obstruction, which are generally located in the larynx or proximal trachea, these processes are especially challenging in terms of establishing a patent airway through or below the level of obstruction and, as a result, require an alternative surgical approach. We discuss the management of these conditions in a separate © Annals of Cardiothoracic Surgery. All rights reserved.
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Management of the acute airway-nonsurgical interventions
Initial management of the acute airway begins with optimizing oxygen delivery. Bag mask ventilation should immediately commence for patients without adequate respirations, with proper maneuvers to align the oral, laryngeal and pharyngeal axes, thereby providing effective breaths (15) . Pre-oxygenation prior to elective intubation requires several minutes of 100% oxygen administration, thereby replacing the nitrogen-laden air in the lung. In emergent intubations, however, several studies have suggested that fewer than one minute of rapid preoxygenation or ten adequate tidal volume breaths achieve similar levels of mean arterial oxygen tension (16) .
The mainstay of acute airway management is transoral endotracheal intubation via direct laryngoscopy with simultaneous administration of sedation and paralytics, known as rapid sequence intubation (RSI). RSI has been shown to be successful and limits complications especially in the management of the emergency airway (17) . The equipment, medications and training required are readily available in medical centers and studies have shown trainees are able to successfully perform RSI as well as more experienced providers (18) .
In those situations where transoral endotracheal intubation is not possible with direct laryngoscopy, indirect laryngoscopy may be employed. Videolaryngoscopy allows for transoral or transnasal visualization of airway structures via fiberoptic videography (19) . In a recent Cochrane review comparing direct and videolaryngoscopy for transoral endotracheal intubation, videolaryngoscopy demonstrated fewer failed intubations and improved view of the glottis; however, there were no significant reduction in intubation times, hypoxic events, or mortality (20) . Additional benefits of videolaryngoscopy include a quicker learning curve compared to direct laryngoscopy, less required cervical spine manipulation and improved visualization for operators and supervising clinicians. Inherent risks of indirect visualization include potential trauma to oral, pharyngeal and laryngeal soft tissues above the field of view provided by the fiberoptic videography (21) . The increasing availability of videolaryngoscopy is coupled with a greater number of traumatic intubations, most commonly throughand-through soft-tissue injuries (22) . We recommend that direct laryngoscopy should remain the standard of care and videolaryngoscopy should be used as a first-line adjunct in difficult airways.
Surgical management of the acute airway
When endotracheal intubation cannot be achieved by direct laryngoscopy and available adjuncts, a surgical airway must be placed. Surgical intubation of the trachea can be accomplished with a variety of techniques, including transtracheal needle ventilation and percutaneous or open tracheostomy.
Tr a n s t r a c h e a l n e e d l e v e n t i l a t i o n i n v o l v e s t h e percutaneous introduction of a large-bore intravenous needle and cannula into the airway with subsequent instillation of oxygen via wall-source, bag-masks, or via high-pressure jet-ventilators (23) . While equipment for this approach is minimal, mechanical failures from kinking or dislodgement of the flexible cannula are common. Additionally, oxygenated air instilled through the catheter will flow proximally through the low-resistance upper airway, rather than distally toward the alveoli for gas exchange. Furthermore, unlike cuffed endotracheal or tracheostomy tubes, there is no distal airway protection from upper airway secretions or bleeding. Because this system relies on forced inspiration with passive expiration, there may be subsequent barotrauma and hypercarbia from excessive tidal volumes (24) . For these reasons, we do not advocate routine use of transtracheal needle ventilation and recommend the thoracic surgeon employ this technique only when alternative means are not possible.
Cricothyroidotomy requires the sharp incision of the cricothyroid membrane and subsequent intubation with a cuffed endotracheal or tracheostomy tube. In doing so, the airway is patent, the lower airways are protected by the inflatable cuff and adequate gas exchange occurs. It therefore remains the preferred choice of obtaining a surgical airway (25) .
The limitations of cricothyroidotomy relate to the knowledge of the surgical anatomy, necessary equipment and potential for injury to surrounding structures. Prospective studies have shown that in non-emergent settings, clinicians, including surgeons, can successfully palpate the cricothyroid membrane in only 70% of patients, and this number drastically falls to 30% if the patient is obese (26) (27) (28) (29) . With the increasing prevalence of portable ultrasonography, studies on the use of ultrasound-guided cricothyroidotomy found no difference in the successful identification of the cricothyroid membrane and other critical neck structures (28) . Ultrasonography more than doubled the time to successful identification of the cricothyroid membrane. The thoracic surgeon, in this regard, is one of the most experienced clinicians in terms of recognition of surface landmarks and knowledge of underlying neck anatomy.
After successful identification of the surface anatomy, a vertical incision is made in the overlying skin and soft tissue. While a transverse incision is also effective, a vertical incision can be carried cranially or caudally if needed to identify underlying membranous tissue. Proper identification of the midline at the onset of the procedure is paramount for successful cricothyroidotomy. If offcenter, significant bleeding can occur from injury to the infrahyoid muscles, the anterior jugular veins, and the carotid sheath contents. At the time of incising the cricothyroid membrane, a transverse incision is made with care to not incise deeply through the membranous wall of the trachea or esophagus. An audible gush of air can confirm the location. If available, a tracheal hook can be used to lift the cricoid cartilage anteriorly and inferiorly. A Trousseau tracheal dilator is then inserted to dilate the track and a small cuffed endotracheal or tracheostomy tube is inserted. The cuff is insufflated and confirmation of adequate ventilation is performed in standard fashion. We recommend immediate chest radiography to confirm positioning of the endotracheal or tracheostomy tube, as well as urgent surgical consultation for revision to formal tracheostomy within 72 hours (29) . The latter is important to minimize long term subglottic tracheal stenosis and tracheomalacia (30) .
Surgical cricothyroidotomy versus percutaneous tracheostomy for acute airway management
There is a growing body of literature describing the use of percutaneous tracheostomy as an alternative method of managing the acute airway (9,10). The procedure involves percutaneous access and passage of a wire into the airway below the vocal cords under direct bronchoscopic visualization with subsequent track dilation and placement of a cuffed tracheostomy tube using Seldinger technique (Supplemental Video).
There are no prospective randomized-controlled trials comparing surgical cricothyroidotomy and percutaneous tracheostomy for the management of the acute airway. However, in retrospective reviews, advocates for percutaneous tracheostomy highlight several benefits (31) .
The equipment for percutaneous tracheostomy is packaged as a kit and available in most medical centers. Correct preprocedural identification of the cricothyroid membrane is unnecessary; rather, identification of the upper tracheal rings can be more accurately identified using reliable landmarks, such as the thyroid cartilage and sternal notch. The technical skills required to perform a percutaneous tracheostomy, namely Seldinger technique, are familiar in comparison to surgical cricothyroidotomy and therefore may be more successfully performed by non-surgical clinicians. In comparison to a smaller endotracheal tube placed in surgical cricothyroidotomy, percutaneous tracheostomy allows for a larger inner diameter and shorter length tube, which minimizes airway resistance provides airway access for most diagnostic and therapeutic bronchoscopes. Non-emergent percutaneous tracheostomy is a routine procedure, which makes it more like likely to be performed successfully in an emergent setting. Many clinicians, including thoracic surgeons, have never performed a surgical cricothyroidotomy, which makes the index case even more challenging. Lastly, unlike after surgical cricothyroidotomy, conversion to formal tracheostomy is not required.
The thoracic surgeon should also be aware of the drawbacks to percutaneous tracheostomy as a technique for acute airway management. If a percutaneous tracheostomy kit is unavailable, it is unsafe and time-consuming to piece together a kit from separate equipment in an emergency. While surgical cricothyroidotomy also requires certain equipment, it can be performed with only a scalpel and endotracheal tube. In addition, percutaneous tracheostomy is most safely completed under bronchoscopy, which ensures that the guidewire, tracheal dilator and tracheostomy are passed into the airway. Without bronchoscopy, there is risk of creating false passages cranially, caudally and laterally within the neck, with subsequent damage to surrounding structures (32) . Even without bronchoscopy, percutaneous tracheostomy placement takes longer than surgical cricothyroidotomy. In human cadaver models and in the hands of inexperienced clinicians, percutaneous tracheostomy takes nearly twice as long in comparison to surgical cricothyroidotomy (135 versus 78 seconds) (33) . Furthermore, operators were less likely to be successful with percutaneous tracheostomy. Failed attempts may complicate subsequent surgical cricothyroidotomy and necessitate a more extensive dissection.
We believe that surgical cricothyroidotomy remains the gold standard technique for establishing an airway after © Annals of Cardiothoracic Surgery. All rights reserved.
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Prevention: tracheal obstruction and the thoracic surgeon
The thoracic surgeon routinely encounters patients at risk of developing an acute airway obstruction, and is responsible for surveilling these patients to prevent fatal complications. The most common non-neoplastic cause of airway obstruction is post-intubation tracheal stenosis (2) . This may develop from circumferential stenosis from chronic inflammation from inflatable cuffs, or anterior scarring from a tracheostomy stoma. Neoplastic obstruction can occur from primary airway tumors or external compressing tumors. As mentioned, these lesions may occur anywhere along the tracheobronchial tree and therefore patient presentation and surgical management vary on location.
Patients with chronic partial tracheal obstruction require frequent surveillance with history and physical examination, imaging and operative evaluation. For symptomatic patients, admission to a monitored inpatient unit is recommended. Administration of humidified oxygen and helium-oxygen mixtures, the latter of which has a lower density than nitrogen-rich air and therefore optimizes laminar flow of oxygen to the alveoli, may improve symptoms and prevent intubation (34) . Blood tests should be ordered to investigate for biochemical derangements or acid-base disturbances that may alter respiratory drive. Imaging includes plain chest radiography, which may importantly determine the level of obstruction by identifying a column of air within the airway. Computed tomography (CT) of the neck and chest using intravenous contrast in inspiratory and expiratory phases is the gold standard imaging for suspected tracheal obstruction. This modality can characterize the location and features of the obstruction, as well as demonstrate any dynamic causes of obstruction (35) .
I f w a r r a n t e d , m a n a g e m e n t b e g i n s w i t h r i g i d bronchoscopy for further evaluation of the cause of obstruction and potential treatment based on the underlying pathology. Coordination with an anesthesiologist experienced with use of inhaled anesthesia to avoid apnea is recommended. Necessary equipment includes Jackson or Storz rigid bronchoscopes with ventilating side arms, Jackson-Pilling dilating esophageal bougies, biopsy forceps and a 0-degree Hopkins telescope (36) . Rigid bronchoscopy begins with careful introduction of the bronchoscope into the trachea under direct visualization. Care is made to complete a thorough mucosal evaluation. Routine measurements are taken to determine the level of the lesion. It is important to not pass beyond a narrow stenosis to avoid bleeding from the lesion or trauma to distal healthy trachea. Biopsy forceps are used to obtain a tissue diagnosis. For non-neoplastic lesions, dilation is the mainstay of treatment. Circumferential lesions tend to have a better response to dilation in comparison to focal areas of granulation tissue, which may be amenable to removal with biopsy forceps or laser ablation (37) . Neoplastic lesions should be further evaluated with primary staging studies and a metastatic evaluation; if symptoms mandate treatment, gentle dilatation, tracheal stenting, or placement of a T-tube may be employed to provide a safe interval until a definitive operation may be performed (38) .
Conclusions
Acute airway management remains a prevalent and clinically important issue for all health care providers. The history of acute airway management underscores key milestones and innovations in airway surgery, anesthesia, pharmacology and technology. Understanding this progress allows us to pay homage to those pioneers in each of these fields.
Acute airway management begins with prompt recognition of the clinical problem, assessment of patient stability and emergent airway control. With the review of the non-surgical and operative techniques in tracheal intubation, as well as available adjuncts, we believe the airway control is achieved with transoral endotracheal intubation under direct laryngoscopy with surgical cricothyroidotomy for failed attempts in the unstable patient. We believe this is the safest and most effective management strategy, although we recognize that provider experience, technology and resource availability may allow for alternative algorithms.
The thoracic surgeon has an especially unique role in the management of the acute airway, both in regard to a more experienced background in surface and tracheal anatomy as well as in prevention and close follow-up in high risk patients with partial airway obstructions. A routine review of available management strategies and emerging technology is recommended to continue to provide patients with excellent and evidence-based care.
